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Adapting to a warming world
Forecasting how species will respond to the selection pressures imposed by climate 
change and understanding whether they will keep up with changing conditions 
remains one of the greatest challenges of ecologists and evolutionary biologists. 
One of the clearest and observable effects of increasing temperatures is changes 
in phenology of many species (Parmesan et al. 2003; Root et al. 2003; Parmesan 
2007). Rates of phenological changes are not uniform among groups of organisms 
(plant, insect, birds, etc.), leading to phenological mismatches between trophic 
interactions such as predator-prey and herbivore-host plant (Thackeray et al. 2010). 
The ecological consequences of these shifts for the fitness of the populations on short 
term, and the persistence of the species on long term, are complex and difficult to 
forecast without targeted studies.
The aim of this thesis was to contribute to the further understanding of the 
effect of climate change on species’ phenology. To reach this goal I used as a study 
system the simplified food chain of the oak – winter moth – great tit and I focused 
on the phenological interaction between the three trophic levels. The phenological 
synchrony between trophic levels can have large fitness consequences for all species 
because there is only a short-time window with optimal conditions for reproduction 
and growth. In the winter moth, the phenological match between egg-hatching and 
oak bud burst strongly affects survival and future fecundity of newly hatched larvae 
(van Asch et al. 2007b). Higher in the food chain, the phenological match between 
offspring’s highest food demand and peak in caterpillar biomass is crucial for fitness 
in the great tit. In this system, seasonal timing and its fitness consequences has been 
extensively investigated in a long-term study in the Netherlands (Visser et al. 1998; 
Visser et al. 2001; Visser et al. 2006; van Asch et al. 2007b). Most of the work 
presented here is based on knowledge gained by previous studies and, on the other 
hand, some of our findings represent a starting point for future research.  
The evolutionary response to warming temperatures of the winter moth is 
presented in Chapter 2. In this chapter we describe the genetic shift in egg phenology 
in order to restore the phenological match with the oak bud burst. The evolutionary 
response observed in this species is one of the few examples of demonstrated 
adaptation to climate change via genetic change but little is known about the 
mechanisms underlying it. These findings lead to other questions: has the sensitivity 
to temperature changed? Or are there other factors influencing egg-hatching date 
and in general the entire winter moth life cycle? Does photoperiodic information 
play any role in timing egg-hatching? To address these questions, in the rest of this 
thesis, I studied how environmental factors, with particular emphasis on temperature 
and photoperiod, influence the phenology of the winter moth life-cycle (Chapter 3, 
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4 & 5). Finally, in the last experimental chapter I present an experiment on the great 
tit. While the biology of the great tit has little in common with the one of the winter 
moth, both species are facing new selection pressures as their host plant or prey 
phenologies are shifting earlier. Hence, within the same conceptual framework we 
conducted research on two species facing similar consequences of climate change. 
In the great tit, I investigated the effect of manipulated photoperiodic perception 
on the timing of reproduction (Chapter 6). This experimental study was designed 
to measure fitness consequences of early egg-laying, in the attempt to answer the 
question: why Dutch great tits do not advance their egg-laying date to maintain their 
phenological match with their preys? 
Evolutionary shift in egg-hatching reaction norm in the winter 
moth
One of the main concerns under rapid environmental change is whether organisms 
are adapting to their new environment. Species need to genetically adapt to not 
go extinct. Although clear effects  of climate change are already visible in many 
ecological processes (Walther et al. 2002; Parmesan et al. 2003; Root et al. 2003; 
Parmesan 2006), tangible evidences of evolutionary changes induced by increased 
temperatures are still scarce (Gienapp et al. 2008; Merilä 2012). One of the few 
studies that succeeded to prove microevolutionary adaptation to climate change is 
presented in Chapter 2.
A genetic shift in egg-hatching reaction norm in the winter moth was demonstrated 
by carrying out an experiment on wild-caught animals under identical conditions at 
three different points in time. Over a period of 10 years, winter moth have responded 
to selection for later hatching as predicted from a genetic model (van Asch et al. 
2007a). As a result of the shift, the phenological mismatch between the egg-hatching 
and the oak bud burst has reduced. Based on previous work, (van Asch unpublished), 
in Chapter 2 we suggested that winter moth’s response to temperature, and not to 
photoperiod, has changed. This hypothesis is then corroborated from the experimental 
evidence reported in Chapter 4 on the absence of a photoperiodic effect on timing 
of egg-hatching.
Our finding on the genetic shift of the egg-hatching reaction norm is particularly 
remarkable as evidences for evolutionary change are still scarce and difficult to obtain. 
Long term studies and common garden experiments repeated over time provide a great 
opportunity to study the response of species to changing conditions (Bradshaw et al. 
2001; Pulido et al. 2010). However, this approach is restricted to species that can be 
reared under controlled conditions.  Alternatively, when phenotypic measurements 
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in a population with known pedigree structure are available, other methods, such 
as quantitative genetic analysis can disentangle phenotypic from genetic trends by 
assessing temporal changes in breeding values (Reale et al. 2003; Gienapp et al. 
2006a; Postma 2006). Finally, another way to prove genetic changes in response to 
climate change is to perform studies at the molecular genetic level. A problem with 
the latter approach, however, is that in most cases the genetic architecture of the trait 
studied is not well-known. Recently, we sequenced the winter moth genome (Derks 
et al. 2015), thus new tools are available for functional molecular analysis.  
Influence of temperature and photoperiod on seasonal timing
Several abiotic variables and their interaction influence species’ phenology. 
Among all, temperature is likely the most important and well-studied factor 
affecting insect phenology. Temperature can have both direct and indirect effects 
on insect development. It can be used as a cue to regulate diapause (Tauber et 
al. 1986; Danks 1987; Hodek et al. 1988) and can directly influence the rate of 
development enhancing biochemical reactions (Ludwig 1928; Ratte 1985; Logan 
1989). At warmer temperatures insects develop faster and one of the consequences 
of a warming climate is an increase of the number of generations in butterflies and 
moths (Altermatt 2010; Pöyry et al. 2011). In the winter moth, ambient temperatures 
strongly affect duration of egg development. Previous studies show that, in recent 
springs, warmer temperatures have induced an earlier egg-hatching date that resulted 
in an increased phenological mismatch between the occurrence of newly hatched 
larvae and the opening of the oak’s buds. 
In Chapter 3 we accurately describe, using phenotypic measurements and 
mechanistic models, the influence of temperature on winter moth egg development. 
We find that the effect of temperature on the development rate varies throughout 
the development. Temperatures experienced at later developmental stages affected 
developmental rate stronger than at earlier developmental stages. Next, we develop a 
novel mechanistic model that takes in account this interaction between developmental 
rate and developmental stage. Previous physiological models (Sharpe et al. 1977; 
Schoolfield et al. 1981; Wagner et al. 1984) and degree day models used to describe 
insect phenology, assume linear developmental rate throughout development. 
Incorporating this non-linearity of developmental rate during development provided 
more accurate predictions of winter moth egg development. Moreover, using 
mechanistic models we were able to further investigate the presence of additive 
genetic variation in the biologically meaningful parameters in the model (see Box 
7.1). In many geographic regions, rates of temperature increase have been observed 
to be unequal throughout the year; therefore a more detailed description of the 
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relationship between temperature and development and insights in the standing 
genetic variation would provide the basis for assessing rate of adaptation under 
homogeneous or heterogeneous changes in temperature patterns.
Box 7.1: estimation of the additive genetiC varianCe 
in winter moth developmental rate
To investigate the evolutionary potential of winter moth adaptation to 
climate change we calculated the heritability and estimated the additive 
genetic variance of a key parameter of a physiological model used to 
predict the effect of temperature on winter moth egg phenology.
As first step we performed a laboratory experiment to obtain 
phenotypic data on winter moth egg-hatching date. Next, we used an 
adapted version of the physiological model (presented in Chapter 
3) to obtain estimates per family in one parameter of the model, ρ 
(developmental rate (day-1) at reference temperature). Finally, we 
estimated the additive genetic variance in ρ using a so-called “animal 
model” (Kruuk 2004).
Initially, the phenotypic estimates were obtained from a laboratory 
experiment performed in climate controlled cabinets between December 
2012 and May 2013. In this experiment we used adult winter moths 
(parental generation) originated from eggs laid by wild moths caught in 
the previous year (November and December 2011) and reared as larvae 
in the laboratory during spring 2012. The grandparental generation 
was caught in different forests in the Netherlands (Oosterhout, 
Warnsborn and Hoge Veluwe). The parental generation was used to 
obtain the experimental eggs. All adults were mated following a half-
sib breeding design (Lynch et al. 1998) with one male mated with 
two females. Immediately after eclosion from the pupa, two sisters 
originated from the same clutch were mated with a male originated 
from another clutch. Five days after mating, the clutches were split 
over 7 temperature treatments. The temperature treatments consisted 
of constant temperatures (12, 6.5, 5.5 and 4.5 °C) plus two treatments 
where the eggs were kept at 10 °C and then moved for a period of 
4 weeks at 5 °C in January or in February. Eggs were monitored for 
hatching three times a week and egg-hatching date was calculated as 
the date at which 50% of the clutch had hatched.
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The data obtained from the laboratory experiment were used to run 
a modified version of the physiological model (described in Chapter 
3) to predict winter moth egg-hatching date per family. In this modified 
version of the model, the optimal parameter values were estimated per 
each family. The model parameters were first optimized on the whole 
data-set and then each parameter at the time was allowed to vary while 
keeping the other parameters fixed.
Finally, after obtaining the parameter estimates per family from the 
mechanistic model, we estimated heritability in one of the parameters of 
the model, ρ (developmental rate (day-1) at reference temperature). To 
estimate the additive genetic variance in ρ, we used an “animal model” 
run in ASReml. As the grandparental generation was collected in three 
different areas, we fit area as fixed effect. The additive genetic variance 
was very small (Va = 4.38e-12 +/- 8.68e-13, Vres = 2.74e-06 +/- 5.42e-
07) and bounded at zero during estimation. The heritability was also 
extremely small (h2 = 1.6e-06). Although very preliminary and based 
on a relatively small sample size, the result of this analysis suggests the 
absence of additive genetic variation in ρ. All the phenotypic variance 
observed in ρ is explained by environmental variation, thus the additive 
genetic variation in egg-hatching date found in previous studies (van 
Asch et al. 2007a) is likely to be due to genetic variation in other 
parameters of the model. 
Where Chapter 3 focusses on temperature, other experiments in this thesis aimed 
to investigate the effect of photoperiod during winter moth egg development (Chapter 
4) and larval development (Chapter 5). The change in photoperiod is the most reliable 
cue of the time of the year. It is invariant from year to year and it can give precise 
information on predictable seasonal change. In insects, as well as in many other 
groups of organisms, photoperiod regulates a number of behavioural decisions and 
physiological changes. It is also the primary stimulus regulating diapause (Tauber et 
al. 1986). In Chapter 4 we experimentally test whether photoperiodic cues during 
egg development influence the timing of winter moth egg-hatching. Egg hatching 
date was not influenced by photoperiodic cues and the phenotypic variation observed 
within each treatment was explained by the genetic background. These results 
corroborated findings in previous studies that show that genetic variation in the egg-
hatching reaction norm (i.e. egg sensitivity to temperature) exists (van Asch et al. 
2007a) and suggest that the micro-evolutionary change in egg-hatching reported in 
Chapter 2 is likely to involve a change in the mechanisms underlying the response 
to temperature and not to photoperiod. 
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Although egg development seems to not be directly influenced by the photoperiod 
experienced during development, in Chapter 5 we show that photoperiodic cues 
experienced during larval development have a strong and clear effect on winter 
phenology later in the life-cycle. Winter moth that as larvae experienced later 
photoperiod had a short pupation stage and enclosed earlier as adults compared to 
larvae experiencing earlier photoperiod that had a longer pupal stage. As a result, the 
advancement or delay accumulated in the previous spring is only partially carried 
over to the next generation, enhancing this way the synchronization of the winter 
moth’s annual program with the phenology of its host plant.  
Effects of photoperiod on timing of reproduction in the great tit
Timing of reproduction in the great tit is phenotypically plastic from year to year 
and egg-laying dates vary substantially depending on spring temperatures (Nager et 
al. 1995).  Due to recent climate change the phenologies of the lower trophic levels 
have advanced more than higher trophic levels (Thackeray et al. 2010) leading to 
the disruption of phenological match between the birds and their prey (Visser et al. 
1998). Well-timed breeding is expected to confer fitness benefits (Thomas et al. 2001) 
and thus, great tits are expected to advance their timing of reproduction to maintain 
the synchrony with their prey. However, our study population in the Netherlands 
apparently did not advance their egg-laying enough to stay synchronized, in contrast 
with another study population in the UK (McCleery et al. 1998). One of the possible 
reasons why the great tits are not breeding earlier may be due to the fact that earlier 
in spring the conditions for reproduction are not yet optimal and energy requirements 
for breeding may be too high to hamper earlier reproduction (Stevenson et al. 2000; 
te Marvelde et al. 2011). To test this so-called “constraint hypothesis” we attempted 
to measure fitness consequences of egg-laying earlier in the wild via manipulation 
of best known predictive cue driving the onset of reproduction in birds: photoperiod. 
By using an experimental manipulation on wild free-living great tit females we 
investigated the effect of perceived longer photoperiod on gonadal growth and timing 
of reproduction in the great tit. We found that the manipulation influenced gonadal 
growth but did not advance laying date. Our findings corroborate previous results 
on the same species in captivity where also no correlation between gonadal size 
and egg-laying date was found (Schaper et al. 2012a).  Although with this study we 
have another proof that photoperiod remain a primary cue to initiate gonadal growth, 
it still remains unclear which may be the fitness consequences of laying earlier in 
the wild. Food availability is proven to advance laying date in the wild (Nilsson 
1994; Gienapp et al. 2006b) however, in such studies  is not possible to measure 
fitness consequences of earlier laying per se as they are confounded with the effects 
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on body conditions in the individuals provisioned with extra-food. Thus, there is 
need for further experiments in order to obtain an unbiased estimate of the fitness 
consequences of timing of breeding. Such knowledge is of extreme importance to 
predict the effects of climate change on avian populations and species. 
Concluding remarks
Nowadays our planet is facing many environmental challenges, many species go 
extinct and entire ecosystems are disappearing.  As scientists, we have the moral 
obligation to provide our ecological and evolutionary knowledge to the public and 
policy-makers to guide measurements to preserve species and ecosystem biodiversity. 
Climate change is with very high confidence “…strongly affecting terrestrial 
biological systems…” (Parmesan 2007). However, studies demonstrating genetic 
adaptation to climate change are still scarce (Merilä 2012). Moreover, although we 
have a fairly good knowledge on proximate mechanisms underlying phenotypic 
traits, there is still a large gap in our understanding of the long-term evolutionary 
potential of the population or species studied. 
Phenotypic plasticity provides an important mechanism to cope with changing 
environmental conditions on short-term but there are limits to plastic responses 
(Pigliucci 1996; Dewitt et al. 1998; de Jong 2005) and they are unlikely to provide 
long term solutions for challenges faced by populations experiencing continued 
directional change (Reed et al. 2015). Thus evolutionary changes are needed (Visser 
2008). To forecast future species’ responses under rapidly changing conditions and 
act accordingly, it is crucial to identify and describe the mechanisms underlying 
traits under selection and subsequently investigate the genetic variation underlying 
the mechanisms themselves. The knowledge gained with this work represents the 
stepping stone for the understanding of the mechanisms underlying seasonal timing 
and the investigation of the genetic variation therein which is vital to determine the 
future evolutionary responses to a warming world.
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